The science of rheology is not strictly applicable for low workability of slipform concrete mixtures because such mixtures are not fluids. However, the workability of slipform concrete mixtures can be assessed using the concepts behind describing rheological behavior.
INTRODUCTION
A challenge to specifying and producing uniformly high-quality concrete pavements has been a lack of test methods that evaluate the properties of a mixture that impact longevity of the system. To meet that need significant effort has been ongoing at Iowa State University and other institutions. This paper discusses two tests being implemented as a result of this effort.
The first assesses the workability of a fresh low slump concrete mixture, in particular its response to vibration, which is the critical measure of workability in the context of slipform paving. The second test uses acoustic methods to predict when saw-cutting should be conducted for a given mixture under given weather conditions, potentially saving millions in random cracking and/or excess overtime for sawing crews waiting for the concrete to harden sufficiently.
The objective of this work is to develop a workability test method that can quantitatively assess the responsiveness to vibration of dry concrete mixtures, as is desired of a mixture suitable for slipform paving.
BACKGROUND Workability Test Methods
Test methods available to measure workability and rheological performance of fresh concrete, from no flow to self-consolidating concrete, have been developed since early 20 th century. The most widely used method for ordinary concrete mixtures is the slump test developed by Abrams (1922) . Before the adoption of supplementary cementitious materials (SCMs) and water reducer admixtures the slump test provided a means of assessing potential performance of a hardened mixture, because it is so strongly influenced by water content. However, the increasing complexity of mixtures has meant that this correlation is no longer valid. Because concrete may be considered as a Bingham fluid, it is can be characterized by two parameters, yield stress and plastic viscosity. Thixotropy, a time-dependent shear thinning parameter, can also be determined under dynamic conditions. According to Koehler and Fowler (2003) , most of existing workability test methods can be split into either single-point or multi-point tests, depending on how many parameters they can actually measure. The slump test, for instance, is categorized as single-point test because of its ability to measure yield stress only.
Rheology is the study of fluids by determining these properties, and typically a blade or cylinder is rotated in a mixture at varying rates to determine them. However, because slipform concrete conventionally has a very low slump (~2.5 cm) it is not considered a liquid and cannot be handled with commercially available rheometers. The fundamental need for the paving industry then is a test that reports two parameters, most notably the response to vibration of a mixture.
Kelly Test Method Development
The aim of the work reported here was to develop a method that identifies and reports the workability parameters that are important when preparing a mixture for use in slipform paving. The approach was to take an existing test, the Kelly Ball, and to modify it by adding vibration energy as discussed below.
The Kelly ball test was developed in the 1950s in the United States and formerly standardized in ASTM C360-92, Standard Test Method for Ball Penetration in Freshly Mixed Hydraulic Cement Concrete (Bartos et al. 2002; Ferraris 1999) . Due to lack of use, it was discontinued in ASTM in 1999, but continued to be applied by California DOT in their Test 533 (2014).
It can be conducted as a field test for measuring the consistency of plastic concrete. It is comparable to the slump test, yet is considered to be more accurate and reliable (Scanlon 1994) . However, the precision of the test declines with the increasing size of coarse aggregate (Bartos 1992) . The major disadvantages and drawbacks of using the Kelly ball have been summarized in Table 2 .
The Kelly ball test apparatus consists of a 15.2 cm steel cylinder with a hemispherically shaped bottom (as shown in Figure 1 ). The shaft is graduated in 0.64 cm increments and slides through a frame and acts as reference for measuring the depth of penetration. The total weight of the apparatus (ball, shaft, and handle), exclusive of the yoke, is 13.6 ± 0.05 kg. The ball is placed on a level concrete surface and the depth of penetration is recorded after the ball is released. The slump is typically 1.1 to 2.0 times the Kelly ball test reading for normal weight concrete.
Figure 1. Kelly ball test apparatus.
From a rheology point of view, the Kelly ball test provides an indication of the yield stress of the sample because the stress applied by the weight is equal to the yield stress of the concrete for the area under the ball. However, this may not be able to provide useful information for very low slump concrete or highly thixotropic concrete because the applied stress is not enough to overcome the yield stress of concrete (Ferraris 1999) .
Overview of Proposed VKelly Test Method
The VKelly test apparatus (as shown in Figure 2 ) is built on the Kelly ball apparatus with a vibrator attached to the ball. After several trials, the vibrator was modified by drilling out the eccentric weight in order to control the amount of energy delivered to the sample. As such it delivers 58% of the original 0.0087 N*m. The steel ball was trimmed to maintain the original apparatus weight of 13.6 kg so that it is still functional as a static Kelly ball. The Iowa Department of Transportation specifies that vibration should be in the range of 5,000 to 8,000 vibrations per minute (vpm) in order to deliver sufficient energy while limiting the risk of compromising the air-void system by beating too much air out of the mixture (Tymkowicz and Steffes 1996) .
The following test procedures are recommended for VKelly test on both static and dynamic tests (Taylor et al. 2015a ):
 Fresh concrete should be discharged into a wheelbarrow or other container to a depth of at least 15.0 cm for 2.5 cm aggregate or smaller, and 20.0 cm for larger aggregate  Create an about 0.3 m 2 leveled area without tamping, vibrating, or consolidating the concrete. Avoid overworking the surface causing excess mortar to the rise and resulting in erroneously high penetration readings  Gently lower the ball until it touches the surface of the concrete. Make sure the shaft is in a vertical position to the surface of concrete and free to slide through the yoke. Take initial reading to the nearest 0.2 cm and then gradually allow the ball to sink into the concrete. Record to the nearest 0.2 cm as second reading when the ball comes to the rest.  Turn on the vibrator which has been pre-set to 6,000 vpm, and simultaneously start the timer. Record the readings on the graduate shaft at six second intervals up to 36 seconds. A video recorder can be used to help further analyze the penetration depth during vibration.  Remove the VKelly apparatus and remix the testing concrete for about 30 seconds and repeat twice. Average readings of the three measurements should agree within 1.3 cm at any given time.  Plot the averaged penetration readings in inches (vertical axis) against the square root of time in seconds (horizontal axis) (see Figure 3) , and determine the slope of the best fit line through the data (Equation 1 
EXPERIMENTAL APPROACH
The development of VKelly test method was conducted in three phases. Phase I was to assess the sensitivity of the test to capturing variations in laboratory mixtures with a range of proportions and materials. A matrix was prepared and measured in following processes:
 Set a control mixture  Incrementally adjust a single ingredient  Conduct both slump and VKelly test using more than one operator  Repeat for other ingredients The second phase was to run the VKelly test in the field to check its feasibility as a field test method at a number of slipform paving sites.
Phase III sought to validate the VKelly test results by comparing it with the Box Test (Cook et al. 2014 ) on the same mixtures.
Phase I (Laboratory Test)
To confirm that the method would identify variations between mixtures a laboratory program was conducted. The process used was to set a control mixture, then incrementally adjust a single ingredient and conduct both slump and VKelly tests using more than one operator.
The variables are:  Sand: increments of 60 kg/m 3 (+1, +2, +4, -1, -2, and -4)  Air: increments of 1% (+2 and -2)  Class C fly ash: increments of 10% (+1, +2, and +3) 
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Sample of test results Linear (Sample of test results)
 Water: increments of 5 kg/m 3 (+1 and +2) Figure 4 shows the effects of varying fine aggregate content, air content, class C fly ash content, and water content on the VKelly index. Increasing fine aggregate content up to 240 kg/m 3 seems to increase VKelly index, while decreasing it gives a lower index value.
The increased class C fly ash dosage and water content within a reasonable range results in a gradually increased index value as expected. However, the lower air content mixture has a higher index compared to plain mixture which is unexpected, and the reason is unknown. VKelly index measured by two operators are shown in a statistical view to check multioperator variation. The percentage differences varied from 0.00 to 8.31% for the same test which indicate a low multi-operator error. The repeatability of VKelly test performed by a single operator is also verified. The plain mix was repeated four times and the standard deviation of the index for the four mixtures is 0.09. 
Phase II (Field Test)
The VKelly test was then conducted at a number of slipform paving construction sites, including interstate highways, state highways, rural and urban roads. Pavement types included reconstruction, new pavement, bonded and unbonded overlays. The VKelly slump values were in the range of 2.5 to 6.6 cm and consistent with the standard slump values. All VKelly index values were in the range of 1.5 to 2.2 cm/√s. Values of above 3.3 cm/√s were associated with edge slump at a site with integral edge drains. This indicates an upper limit of about 3.0 cm/√s is appropriate. A lower limit still has to be determined. In order to assess the limits of what mixtures may be considered as "good" or "bad" for slipform paving, a validation process is necessary. Data were collected as part of another program (Taylor et al. 2015b) . Some mixtures were prepared that were from deliberately dry to deliberately wet so that the VKelly test could be performed over a wide range of workabilities.
Two types of coarse aggregate were used, limestone and crushed gravel (LS and G) of 2.5 cm nominal maximum aggregate size. Natural river sand was the same as that used in Phase I. Two aggregate gradation systems were used for each aggregate type, one with a fixed 50/50 of coarse to fine aggregate content, and the other that was sieved to fit within a Tarantula curve (Ley et al. 2012) . A constant class C fly ash replacement level, 20%, was used and w/cm was 0.42. Either two or three cementitious material contents were applied for each aggregate system.
Tests were conduct to determine fresh concrete properties, including slump, air content, the VKelly test, and the Box Test (Cook et al. 2014) .
Figures 5(a) and (b) present the relationship between cementitious material content and slump and VKelly index, respectively. As expected, both parameters increase with increased cementitious material content. However, VKelly index is more sensitive to the cementitious material content, i.e., VKelly test can differentiate between the mixtures having similar slump. Generally, the aggregate system that fell within the Tarantula curve gave a better workability. The Box Test visual rating was assessed for each mixture and plotted against VKelly index in Figure 6 . A Box Test visual rate of 2.0 is considered to be acceptable for slipform paving (Cook et al. 2014) , which corresponds to a VKelly index of 2.0. An index of 3.6 was measured in a 7.6 cm slump mixture, which is too wet for slipform paving. Therefore, a reasonable upper limit is set to be 3.0. 
CONCLUSIONS
The VKelly appears to provide useful information regarding the response of a mixture to vibration. It is intended that this tool will be useful to the contractor during mixture Green Zone design phase. The benefits to workability of adjusting mixture proportions (such as fine aggregate gradation) can be monitored, potentially leading to mixtures that will balance between the need to be easily workable under vibration, yet immune to edge slump. No other test has been able to quantify this parameter to date for low slump concrete mixtures.
Conclusions drawn from this study are:  The proposed VKelly test method appears to be suitable for assessing the response of a mixture to vibration (workability), especially for slipform paving mixtures.  Two parameters from VKelly test, slump and VKelly index, can be used to report both static and dynamic characteristics of concrete mixtures.  The VKelly test can be conducted in the field and may also find some use as a quality control tool while the primary intent is to be used in the laboratory for helping on mixture design purpose.  Low multi-operator variations are yielded, i.e., up to 8.3%.  The data collected to date indicate a range of 2.0 to 3.0 cm/√s VKelly index seems to be a suitable region for slipform paving concrete mixtures.
